The possibility of combustor wall cooling by a hydrogen fuel gas in a supersonic/hypersonic flight engine was demonstrated in this paper. Heat transfer tests on subsonic ram combustor models showed that the temperature of the wall cooled by the hydrogen gas was maintained within the temperature limit of conventional material without excessive temperature increase of the fuel. The analysis showed the possibility of the application for the scaled-up models.
INTRODUCTION
For a high speed vehicle such as a space plane for accessing to the orbit and a hypersonic transport across the ocean, a turbo-ramengine or an air-turbo-ram engine (Nouse, 1990 ) may be one of the candidates to be used for its power source in the flight speed range up to Mach 6.
The ram combustor would compose a considerable part of the engine in size and weight, which are vital parameters to determine the engine performance. Therefore it is highly desired to design the combustor with minimum weight and maximum durability with conventional material if it is available.
In this paper, capability of hydrogen gas cooling was investigated experimentally. According to the system performance study of the vehicle, hydrogen fuel is selected because of its excellent properties in combustion, heat transfer, thermal stability and environmental precaution.
engine suffer rather wide and frequent change of operative conditions and it has wide cooling area which varies required cooling load significantly.
Therefore, authors demonstrate experimentally here the possibility of combustor wall cooling by hydrogen gas which is burned in the combustor. Since the tested model is approximately one tenth of a predicted actual combustor, the scale effect is discussed also. 
NOMENCLATURE

CONCEPT OF THE TEST AND THE MODEL
A heat transfer model is considered as that a fuel hydrogen gas as a coolant flows in a jacket around a combustion duct and it is postulated that all the heat transferred from the hot gas is conveyed to the coolant through the liner wall of the combustion duct. Then an average heat transfer coefficient a, of the cooling side of the wall can be defined in terms of mean temperature difference as,
where S,t is the heat transfer area of the coolant channel. Also a heat transfer coefficient ca g on the hot side of the wall may be defined as,
Assuming that the axial heat transfer is negligible and that steady state holds,
Then, egs. (1) through (3) give,
where it is also assumed that the thermal conductivity of the material composing the liner is big enough to be able to neglect the temperature difference across the wall. Representing the value of the convective conductance ratio in eq.(4) as "r", eq.(4) gives,
This equation shows that average temperature of the wall is given by knowing the temperatures of the fuel and the burned gas provided the value "r" is determined.
In the following, the value "r" will be experimentally evaluated for the combustion duct which is 155mm in inner-diameter. The tests proves that the fuel can act as a coolant at the typical operating conditions of the engine and that the wall temperature can be maintained low enough for the allowable temperature limit of conventional materials.
The tested model is shown in Fig.l . It consists of a copper liner which has a surface with grooves in the outer surface or cooling side and covered with a stainless steel outer case, 1 mm in thickness. The copper liner has a wall of 2mm in thickness. The groove of the liner has 12mm in width and 10mm depth. The liner has four grooves in parallel, each of which has 1060mm in length around the duct.
Fuel was fed from port A and discharged from port B to the flame holder. Heat transfer area of the cooling side, i.e., Sit , is 0.1357m2 which includes surface area of fins. The corresponding area of the heating side Sgt is 0.0575m 2 excluding the flange portions. The wall temperature of the copper liner is measured at the inlet and the exit, two locations each, by welding 0.5mm K-type sheathed thermocouples. Fuel temperatures and the static pressures are measured at both of the ports A and B. 
EXPERIMENTAL RIG AND TEST CONDITION
Schematic diagram of the experimental rig is shown in Fig.2 . The tested model is placed after the water cooled liner, 356mm in length, to make a distance from the flame holder. The distance is enough for burning gas to reach the saturated temperature (Tamara, et a.l., 1990) . Non-vitiated air, i.e., heated air by heat exchanger, is supplied continuously at 600K which corresponds approximately the combustor inlet temperature at Al = 3 in the flight condition. The incoming air velocity is the typical reference values, i.e., 80 and 40m/s. Hydrogen gas was fed from a bundle of high pressure bottles charged at 200atms. All the measurements of the temperature and the pressure were made at steady state conditions. • Flame holders used here were two kinds, namely 05 and I3M. The model G5 consists of two annular rings, 76mm and 130mm in diameter, which work also as fuel passages. The rings have 120 fuel injection holes. The other model named I3M has homogeneously distributed 152 fuel injection holes on the radially arranged struts in the duct cross section. The diameter of the fuel injection holes of the both models is 1.6mm in diameter. The blockage ratio of the flame holder or fuel supply device is approximately 35% of the cross sectional area.
The equivalence ratio of the supplied fuel/air mixture was varied ranging from 0.2 to 1.0.
To know the composition of the burned gas, combustion gas was sampled at ten locations of the exit plane, every 16m m in radial distance, The sampled gas was analyzed by a gas chromatography to obtain the local equivalence ratio and the local combustion efficiency. The procedure to obtain these characteristics is described in the published references (Saito, et al., 1990; Tamaru, et al., 1990) .
EXPERIMENTAL RESULTS
Heat transfer
The measured correlation between the wall temperature and the increase of fuel temperature is shown in Fig.3 . Note that coolant flow reverses to the direction of burned gas flow. It shows that the difference of local temperature of the gas and the wall is approximately equal at the entrance and the exit respectively.
All the measured wall temperatures were lower than 600K. No notable increase of temperature was observed for the decrease of fuel flow rate or 0. Let the fuel temperature increase be AT (= T,2 -T,1), the heat transferred to the fuel is
Reynolds number (Re), can be defined by using hydraulic radius of the hydrogen passage,
where Rh = SC/Z, and S, is a cross-sectional area of the hydrogen passage. Average heat transfer coefficient a, of the hydrogen passage is shown in Fig.4 with respect to the Reynolds number (Re), defined above.
Average heat transfer coefficient cs. can be obtained through eqs. (2), (3) and (6) and is shown in Fig.5 with respect to the Reynolds number (Re) g defined by average gas velocity V9 and duct diameter D. The viscosity of the burned gas p g appeared in the Reynolds number was calculated according to the Wilke's equation Reynolds no. of coolant (Re), Reynolds no. of burned gas (Re) g Fig.5 Average heat transfer coefficient of burned gas with respect to the Reynolds number qw 's are shown in Fig.6 with respect to equivalence ratios. Note that the flame temperature decreases when the equivalence ratio exceeds unity.
Pressure loss
Fuel is supplied at pressure less than 700kPa. The pressure loss in the cooling duct, Ap = P1 -P2, is shown in Fig.7 . The maximum value pi is designed to be less than IMPa by the restriction limited from the fuel supply system.
Combustion state
The observed flame of model G5 relatively is homogeneous, while that of the model I3M is concentrated in the center axis. The radial profiles of equivalence ratio (E.R.) obtained from sampled gas analysis show that the mixture near the wall is richer than that of the center in the case of model G5. On the other hand, the The solid lines appeared in Fig.4 and 5 show the values obtained by eq.(9). The equation shows that a increases as the increase of thermal conductivity P of the burned gas temperature which is a function of 0. In Fig.4 , the reference length kin above equation is replaced by the 4Rh defined previously.
The heat conductivity of the combustion gas, used in eq.(9) for Fig.5 , is derived as follows. Each gas property is given from a reduced state thermal conductivity chart in JSME Data Book (1975) . Then the value of the components composed for the mixture with respective fraction of constituents by the method by LindseyBromley (1950) . The conductivity shown by solid lines are closer to the experimental values than the broken lines which are obtained by assuming the gas being high temperature air.
There are the difference of 15% and 37% between the experimental heat transfer coefficients and the those of predicted results in Figs.4 and 5 respectively at the conditions of Vl = 80m/s and 0 = 1. The difference was supposed to be caused by the heat transfer at the manifold section of the liner in the entrance and the exit flange. Those areas are excluded in the heat transfer calculations but they would contribute to increase the coolant temperature since the temperatures are measured at the ports (see Fig. 2 ). The respective ratio of the area in the flange corresponds to 17% and 40% in the case of cooling side and heating side, respectively.
Thermal resistance of heat flow from burned gas to the coolant can be written as,
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c-1. It shows that the temperature gradient across the copper liner wall may be neglected as it was formerly assumed and that the heat resistance from burned gas to the wall is dominant over the one for the wall to the coolant gas.
Effect of different flame holders
With the obtained values of a,, cr g , eqs. (4) and (5) give an average wall temperature. The resulted wall temperature by eq. (5) has a slight difference from the measured average wall temperature. In the case of model G5, the difference is 10 to 25K which corresponds to 5% in temperature. That may be caused by the evaluation of averaging the temperature along the axial direction. Present investigation adopted a simple arithmetic average which may be accurate enough for our purpose.
In the case of flame holder I3M, the resulted wall temperature by eq.(5) has 10 to 13% of difference with the measured wall temperature. This larger difference was caused from the inhomogeneous gas temperature distribution across the duct. In the case of I3M, exhaust gas analysis shows that fuel is richer in the center and the supposed gas temperature is low near the wall. The higher gas temperature will give the smaller value of a g in eq.(2), which will give lower wall temperature. If the heat transfer may be evaluated by the true local temperature values, more precise wall temperature would be obtained.
Experimental uncertainties and obtained results
Present experiments are not aimed to get general heat transfer coefficients. Predicted values by eq.(9) may be ideal case or extreme case for the system which does not have fully developed turbulent flow with homogeneous hot gases. Differences of obtained values between experiment and predicted ones in a, and a., were 15% and 37%, respectively. They will be eventually reduced if the construction of the tested duct was improved for precise measurements and homogeneous hot gas was supplied.
Other miscellaneous errors based on measurements, such as mass flow rate and temperatures, may be estimated less than 3%.
The effect of the burned gas temperature increase by the inlet fuel temperature rise can be neglected since the calculated adiabatic temperature increases less than 20K in present experiment.
Calculated r derived by eq.(9) becomes 22 at the maximum load condition, i.e., 0 = 1, Vi = 80m/s, which promises better cooling performances than present experimental results which are 10 -18 in the case of G5.
The heat flux values q w from the burned gas to the wall are plotted in Fig. 6 .
Not a further big increase would be expected in q,,, shown in Fig.6 since the flame temperature will decrease for lack of oxygen over the range higher than stoichiometric condition.
Application to the practical combustor
There are some concerns about the increase of fuel temperature, since the diameter of a practical combustor may be ten times as large as the present model.
Let us consider the operating condition of M = 6 shown in Table 1.
From eqs. (2), (3) and (6),
from eqs. (11) and (12) 4a 9 (1 + n)(T5 -TU)L (13)
OT =
Cyfp9VD
where n = m,jm f. Applying eq.(9) to the a 9 ,
Expressing the values of practical combustor at M = 6 by *, following equation holds for the two models with different scale at the same mixture strength, if the wall temperature could be maintained to the same values as this experiment,
OT.
For typical conditions at M = 6 in Table 1 , static temperature, T9 , static pressure, p, and average velocity, V, of the burned gas are 2909K, 1.31MPa and 130m/s, respectively. Likewise, for the condition of M = 3, those values are 2442K, 0.27MPa and 417m/s, respectively. Since no data was available for necessary duct length LID for hydrogen, it is assumed (LID)* = 1.5 following to the conventional afterburner design. LID for present model was 0.76.
Then the ratio of fuel coolant temperature increase is for the condition M = 6, OTC = 1.5 ATE The temperature increase in the present experiment is less than 170K. Thus there will be no problem to have additional temperature increase by 50% as the results shown above in the case of hydrogen fuel. This value shows that the hydrogen gas cooling is feasible in the combustor which is ten times as big as the present model with severe conditions corresponding to M = 6 in flight velocity.
CONCLUSIONS
Experimental investigations of the hydrogen gas cooling to the combustor wall provided the following conclusions.
1. Average heat transfer coefficients of the hydrogen passage were four to seven times as big as those of the hot gas side in present combustor models. Ratio r, defined in eq.(4), can give actual heat transfer ratio which takes into acount of the area effect.
Obtained values of r were in the range 10 and 20 in present investigations.
2. The maximum heat flux obtained in present experiment was approximately 2MW/m 2 at the combustor inlet condition of air velocity 80m/s and stoichiometric mixture ratio.
3. No excessive increase of wall temperature was experienced by the decrease of fuel flow rate. It is because there is the dominant thermal resistance in the burned gas side over the cooling side.
4. Present results show that from the view of operational conditions of the subsonic combustion ram combustor, the hydrogen gas cooling could be safely applied to the actual combustor with larger diameter and higher gas temperature with reasonable fuel temperature increase.
